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Sodium homeostasis in dogs with chronic renal insufficiency
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The Division of Nephrology, Department of Medicine, University of Miami School of Medicine, Miami, Florida
Sodium homeostasis in dogs with chronic renal insufficiency. Volume
homeostasis in the fasting rate and 24-hr sodium balance are maintained
in chronic renal insufficiency as a result of adaptations in the residual
nephrons. This study evaluates the limitations to these adaptations and
the dynamics of sodium excretion (UNaV) after an acute challenge with
100 mEq of sodium chloride in normal dogs (GFR 50 mI/mm) and in
dogs with one remnant kidney and moderate chronic renal insufficiency
(GFR 15 mI/mm). When food was administered with the sodium
challenge, no or minimal changes in serum protein and hematocrit
values occurred, and the natriuretic responses were small and equiva-
lent in normal and remnant dogs. On the other hand, when the sodium
challenge was given without food, the natriuretic response was large in
normal dogs and markedly blunted in remnant. Within 5 hr of the
sodium challenge, the various groups of normal dogs excreted 40 to 63%
of the sodium load, but the remnant animals eliminated only 12 to 22%
(P < 0.001). The blunted natriuresis in remnant dogs was associated
with a prolonged hemodilution of circulating proteins, indicating a
longer lasting expansion of the intravascular volume. The blunted
response was independent of sodium diet, of the administration route
(p.o. vs. i.v.) or strength (isotonic vs. hypertonic) of the sodium load,
and appears to result from an inability of the remnant kidney to rapidly
excrete a sodium load. Thus, administration of sodium to dogs with
chronic renal insufficiency leads to prolonged sodium retention, pro-
longed extracellular fluid (ECF) volume expansion, and requires a
prolonged excretory cycle to restore 24-hr balance.
Homéostasie du sodium chez des chiens atteints d'insuffisance rénale
chronique. L'homéostasie volemique àjeñn et Ia balance sodée des 24 h
se maintiennent au cours de l'insuffisance rénale chronique par adapta-
tion des néphrons résiduels. Cette étude évalue les limites de cette
adaptation et Ia dynamique de l'excrétion sodée (UNaV) après l'admin-
istration aigué de 100 mEq de chiorure de sodium a des chiens normaux
(GFR 50 mI/mn) et a des chiens n'ayant qu'un rein, et une insuffisance
rénale chronique modérde (GFR 15 mI/mn). Quand de Ia nourriture était
administrée en même temps que le sodium, ii y avait peu ou pas de
modification des protides sériques et de l'hématocrite et les réponses
natriurétiques étaient faibles et equivalentes chez les chiens normaux et
chez les chiens insuffisants rénaux. Lorsque Ic sodium était administré
sans nourriture, Ia réponse natriuretique était élevée chez les chiens
normaux et diminuée de facon marquee chez les chiens insuffisants
rénaux. Dans les 5 h suivant l'administration de sodium, les divers
groupes de chiens normaux avaient excrété 40 a 63% de Ia charge
sodée, alors que les animaux insuffisants rénaux n'en avaient éliminé
que 12 a 22% (P < 0,001). La diminution de natriurèse chez les chiens
insuffisants rénaux allait de pair avec l'hémodilution des proteines
circulantes, indiquant une expansion du volume intravasculaire de plus
longue durée. Cette diminution de réponse était indépendante du régime
sodé, de Ia voie d'administration (orale ou i.v.), ou de Ia tonicité
(isotonique ou hypertonique) de Ia charge sodée, et cue semblait être le
résultat d'une incapacite du rein restant d'excréter rapidement une
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charge sodée. Ainsi l'administration de sodium a des chiens avec
insuffisance rénale chronique aboutit a une retention prolongee de
sodium, une expansion du volume extracellulaire durable, et nécessite
un cycle excrétoire prolonge afin de rétablir Ia balance des 24 h.
Maintenance of fasting volume homeostasis [1—41 and 24-hr
sodium balance [1, 5—7] are well documented in chronic renal
disease. In contrast the immediate natriuretic response to a
sodium challenge is ill-characterized in chronic renal insuffi-
ciency, and no study as yet has described convincingly how
sodium balance was restored.
Schultze, Shapiro, and Bricker [1] and Schmidt, Bourgoignie,
and Bricker [7] observed the same natriuresis in dogs with and
without chronic renal insufficiency 5 hr after the administration
of 42 and 60 mEq of sodium chloride, respectively. Thus, a view
is that the renal response to an acute sodium load is identical in
health and chronic renal insufficiency. On the other hand,
Altsheler et a! [8] reported that dogs with a "remnant" kidney
excreted much less sodium than normal animals immediately
after the administration of 77 mEq of sodium chloride; Wen et al
[9] also observed a blunted natriuresis in dogs with a remnant
kidney.
These conflicting observations led us to re-evaluate the
natriuretic response of normal dogs and dogs with moderate
chronic renal insufficiency (GFR about 30% of normal) to an
acute sodium challenge. The effects of varying amounts of
sodium in the diet (from 12 to 212 mEq daily), different routes of
administration, and food were examined.
Methods
Thirty female mongrel dogs weighing 14 to 20 kg were
investigated. Forty-six experiments were performed in 21 nor-
mal dogs and 41 experiments in 23 remnant dogs. Some animals
were studied several times under different protocols or when
they had a normal renal function and, again, after induction of
chronic renal insufficiency. The dogs were fed 400 g of Nephro-
diet (Triumph Pet Industries, Inc., Hillburn, New York) once a
day at 10 A.M. for 7 to 10 days. This diet provides 12 mEq of
sodium and 30 mEq of potassium and obviates the need for
orogastric intubation [10]. The salt content was adjusted by
adding sodium chloride. The remnant model of chronic renal
insufficiency was induced in two stages by ligating branches of
the left artery and removing the right kidney [1, 7, 10]. The
remnant animals were studied usually several months after
induction of renal insufficiency and never earlier than 6 weeks.
The clearance studies were obtained in awake animals standing
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Table 1. Baseline values for normal and remnant dogs before they were given 100 mEq hypertonic sodium chioridea
Dog
groups
GRF
mi/mm
SNa
mEqiliter
UNaV
p.Eq/min
UNV/GFR
ji.Eq/ml
FENa
%
N—12 50 5 149 1 7.2 0.3 0.15 0.01 0.10 0.01
R—12 18 4 146 1 5.3 1.1 0.35 0.07 0.24 0.05
P 0.001 NS NS 0.05 0.02
N—l12 52 4 149 1 17.5 1.8 0.31 0.04 0.22 0.01
R—1l2 19 5 149 1 40.5 10.6 2.99 0.96 2.14 0.51
P 0.001 NS 0.05 0.02 0.005
N—212 63 5 147 1 22.1 6.0 0.35 0.07 0.23 0.05
R—212 19 4 151 1 60.7 14.5 4.71 1.84 3.11 1.23
P 0.001 NS 0.05 0.05 0.05
Abbreviations: GFR, glomerular filtration rate; SNa, serum sodium; UNaV, urinary sodium excretion rate; UNaV/GFR, UNaV normalized for
GFR; FENa, fractional excretion of sodium; N, normal; R, remnant; 12, 112, 212, mEq of sodium in the diet.
in a supporting sling as previously described [1, 10]. Glomerular
filtration rate (GFR) was measured with exogenous creatinine
infused intravenously in 0.45% sodium chloride at a rate of 0.3
mi/mm (23 Eq of sodium/mm). After three 20-mm control
periods, the animals were given 100 mEq of sodium chloride.
Five 1-hr experimental clearances were then obtained. A blood
sample was collected at the midpoint of each period.
Challenge with hypertonic sodium. Thirty-six experiments
were performed on 12 dogs, six with normal renal function and
six with chronic renal insufficiency. All animals were equilibrat-
ed sequentially on diets containing 12, 112, and 212 mEq of
sodium. Balance studies were obtained on four normal and four
remnant dogs. During the clearance study, the sodium chloride
challenge was administered by orogastric tube as 200 ml of a 500
ifiM sodium chloride solution. Serum protein concentration was
determined in all remnant dogs, in normal animals fed 212 mEq
of sodium, and in four additional normal dogs receiving 12 mEq
of sodium daily.
Challenge with isotonic sodium. Experiments were per-
formed on 18 dogs fed a 1 12-mEq sodium diet. The animals
were given 690 ml of an isotonic solution containing 145 mEq
sodium, 123 mEq chloride, and 22 mEq bicarbonate per liter.
The dose was administered over 60 mm either intravenously as
a continuous drip at the rate of 11.5 mllmin or by orogastric tube
in three 230-ml feedings at 0, 20, and 40 mm. In these studies,
the first 1-hr clearance period corresponds to the period of
sodium administration.
Challenge with food. Dogs were fed 112 mEq of sodium daily
for 2 weeks. Thirteen experiments were performed. At the time
of the clearance study, the fasting animals were fed 400 g of
Nephrodiet mixed with 88 mEq of sodium chloride.
Sodium in blood and urine was measured by flame photome-
try (IL model 143, Boston, Massachusetts), creatinine by a
modified auto analyzer method (Technicon AAII) and serum
protein, of which changes in concentration are used as an index
of relative changes in intravascular volume, by a biuret method
[11]. Net UNaV, or the percent of the load excreted, and net
UNaV corrected for GFR (UNaV/GFR) were calculated as the
difference between absolute and baseline values; the latter is
the average of three control values. No correction was made for
the amount of sodium chloride infused as carrier solution for the
exogenous creatinine. The results of chloride excretion paral-
leled the sodium changes and are not reported.
The data are expressed as means SEM. Statistical analyses
for linear regression and variance analyses were calculated with
standard programs on the Prophet Computer System, Biologi-
cal Handling Program, Division of Research Resources, Na-
tional Institutes of Health.
Results
Twenty-four-hour balance studies. Normal and remnant dogs
were in balance on the filth day of a 12 mEq sodium diet. When
sodium intake was increased from 12 to 212 mEq per day, there
was no lag period in the remnant group to achieve balance (Fig. 1).
Challenge with hypertonic sodium. The mean control data for
the six groups receiving sequential diets of 12, 112, and 212
mEq of sodium are presented in Table 1. In the remnant dogs,
baseline GFR averaged about one third of normal. Serum
sodium concentration was similar in all groups. Control UNaV
was increased significantly in the remnant dogs on 112- and 212-
mEq diets. At each level of sodium intake, fasting UNaV/GFR
and fractional excretion of sodium were increased significantly
in the remnant groups)
The time course of sodium excretion is depicted in Figure 2.
UNaV was equivalent in all paired groups during the first hour
after the sodium was given. A marked natriuresis then devel-
oped which peaked during the second or third hour at 209 42,
347 71, and 318 43 p.Eq/min in the normal dogs on 12, 112,
and 212 mEq sodium, respectively, and decreased to 142 8,
186 24, and 194 23 p.Eq/min in period 5. In contrast, UNaV
peaked at values of only 61.2 16.9, 118.8 20.1, and 155.8
17.2 j.Eq/min, respectively, in the remnant dogs (P < 0.001 vs.
normal animals given the same diet) and tended to remain
constant thereafter.
The amount of the sodium load excreted in 5 hr was strikingly
different between normal and remnant dogs; whereas, the
normal dogs on 12, 112, and 212 mEq of sodium per day
excreted 40.2 5.7, 63.1 9.0, and 61.5 9.9% of the load,
respectively, the remnant groups eliminated only 12.3 3.6,
19.7 2.8, and 22.5 3.1% (P < 0.001 for each pair). Net 5-hr
cumulative UNaV/GFR was similar for normal and remnant
dogs, averaging about 1 mEq/5 hr per ml GFR.
!The variation in fasting UNaV in the remnant dogs is unexplained. It
may represent the tail excretion of the sodium administered 20 to 22 hr
earlier combined with the administration of 0.45% sodium chloride as
carrier for the exogenous creatinine. Indeed, the fasting natriuresis was
similar in normal and remnant dogs orally receiving 2.5 g/dl dextrose in
water (instead of half-normal saline) as maintenance solution (see Table
2).
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Fig. 1. Daily sodium excretion by normal and remnant dogs. The
animals were housed in individual metabolic cages and given first a diet
containing 12 mEq sodium for 5 days before urine was collected for 3
consecutive days. From days 8 to 13, the same basic diet was continued
but its sodium content was increased to 212 mEq. On day 7, UNaV
averaged 10 2 and 11 I mEq and, on day 12, 204 Sand 212 7
mEq in normal and remnant dogs, respectively.
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Fig. 2. Mean control and hourly UNV in six normal and six remnant
dogs on 12, 112 and 212 mEq sodium daily undergoing orogastric
challenge with 100 mEq hypertonic sodium chloride.
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Fig. 4. Mean changes in net UN,V and net UN,,VIGFR in normal and
remnant dogs over a 5-hr period after oral or intravenous challenge
with 100 mEq isotonic sodium. Asterisk denotes P < 0.001.
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Fig. 3. Mean UNV and UN,V/GFR as a function of serum sodium
concentration in normal and remnant dogs on 12, 112, or 212 mEq
sodium diet. Each point is the average of control and experimental
values obtained in six dogs. The correlation between UNaV and serum
sodium was y = —1700 + ll.7x, r = 0.93 for normal, andy = —5838 +
38.9x, r = 0.65 for remnant dogs. The slope of this relationship was
attenuated significantly in remnant dogs (P < 0.001). In contrast, the
same slope describes the correlation between UNVIGFR and serum
sodium concentration for all groups (y = —116 + 0.8x, r = 0.90).
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Other changes associated with the hypertonic sodium chlo-
ride challenge included significant increases in GFR and serum
sodium concentration (P < 0.001 for each parameter within
each group) and significant decreases in serum protein concen-
tration (vide infra). Peak increases in GFR averaged 8.8 2.4,
12.5 1.8, and 14.4 2.2 mi/mm in the normal dogs on 12, 112,
and 212 mEq of sodium, respectively, and 5.2 2.1, 2.0 0.5,
and 3.8 0.8 mI/mm in the corresponding remnant groups. The
increase in serum sodium persisted longer and was greater in
remnant (+7.4 0.5 mEq/liter) than in normal (+5.5 0.6
mEq/iiter) dogs (P < 0.02), and correlated directly with UNaV
and UNaV/GFR (Fig. 3).
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Table 2. Mean group data for normal and remnant dogs given 100 mEq isotonic sodium
Control period 1 2
Experimental periods
3 4
Challenge with isotonic sodium. The mean control and hourly
experimental values for the four groups challenged with 100
mEq of isotonic sodium are presented in Table 2. In these
experiments, serum sodium concentration remained constant.
In the normal dogs, natriuresis peaked at similar values (365
62 and 314 29 .EqImin, P > 0.1) after the orogastric and
the intravenous challenges. In the remnant animals, UNaV also
peaked at equivalent levels after either challenge but at values
of only 77 24 and 129 20 p.Eq/min (P < 0.001 between
remnant and normal dogs challenged by the same route). Thus,
net 5-hr sodium excretion averaged 61.1 5.7 and 57.9 4.1%
in normal, but only 13.5 3.6 and 18.2 2.8% in remnant dogs
(P < 0.001). In contrast, net UNaV/GFR increased similarly by
about 1 mEq sodium per ml GFR for the 5 hr of observation
(Fig. 4).
Serum protein concentration decreased rapidly after the oral
or the intravenous challenge. Maximal dilution of serum pro-
teins was highly significant in each group (P < 0.01) and not
statistically different between normal and remnant dogs. How-
ever, whereas serum protein concentration tended to return
toward control values after 5 hr in the normal dogs, hemodilu-
tion remained near maximal in the remnant animals. The
percent changes in serum protein concentration for all experi-
ments in which measurements were obtained are depicted in
Figure 5.
A highly significant inverse correlation between changes in
UNaV and changes in serum proteins developed in normal (y =
1805 — 259x, r = —0.72; P < 0.001) and in remnant dogs (y =
707 — lOix, r = —0.88; P < 0.001) (Fig. 6). The slopes of this
relationship were significantly different between dogs without
and with chronic renal insufficiency (P < 0.02) and independent
of the strength or route of the sodium solution administered.
UNaV/GFR also correlated significantly with serum proteins (y
= 33.0 — 4.8x, r = —0.86; P < 0.001 for normal: y = 52.7 —
7.5x, r = —0.95: P < 0.001 for remnant dogs). Again significant-
ly different slopes describe this relationship for the normal and
the remnant dogs (P < 0.01). However, whereas the relation-
ship between UNaV and serum proteins was blunted in remnant
dogs, the relationship between UNaV/GFR and serum proteins
was enhanced in the same animals.
Challenge with sodium and food. Although feeding increased
GFR equivalently (from 45.9 1.2 to 56.1 2.6 mI/mm in
seven normal and from 15.0 1.9 to 19.5 2.3 mI/mm in six
remnant dogs) than did administration of salt alone, it obliterat-
ed markedly the natriuretic response, particularly in normal
animals. The natriuresis after salted food developed slowly, to
maximal mean values of 106 16.5 j.Eq/min in normal and 77
8.4 p.Eq/min in remnant dogs, and was not associated with
significant changes in serum sodium or protein concentration in
any period. Consequently, when the sodium load was adminis-
Normal dogs—oral challenge (N = 5)
GFR mI/mm 48.8 2.0 51.8 3.1 65.0 4.6 56.6 4.0 54.8 2.4 53.8 2.1
Serum sodium mEqiliter 148 0.6 148 0.6 148 0.7 148 0.9 148 1.2 148 1.0
UNaV pEq/min 13 7 111 51 365 62 254 34 199 30 163 18
UNaV/GFR J.Eq/ml 0.3 0.1 2.1 0.9 5.6 1.1 4.5 0.6 3.7 0.7 3.1 0.4
Sprot gidI 6.8 0.2 6.5 0.2 6.0 0.2 6.0 0.2 6.1 0.3 6.2 0.2
GFR mI/mm 13.6 3.3°
Remnant dogs—oral challenge (N = 5)
14.2 3.3° 13.0 3.6° 14.2 2.8° 15.0 34° 14.8 3.4°
Serum sodium mEqiliter 150 Ø•5c 151 0.7d 151 0.5k ISO 0.8 151 0,9 152 0.2c
UNaV .Eq/ml 16 2.1 33 7.6 64 18.4t 77 23.6' 65 10.6d 66 99d
UNOV/GFR p.Eq/ml 1.6 0.5b 2.9 0.8 5.2 1.3 5.9 1.5 4.9 0.8 5.3 0.9
Sprot gldi 6.9 0.1 6.5 0.2 6.2 0.1 6.2 0.2 6.2 0.2 6.2 0.2
GFR mI/mm 43.5 3.4
Normal dogs—intravenous challenge (N = 8)
49.8 4.1 55.4 4.4 54.6 4.3 53.8 3.8 50.6 2.9
Serum sodium mEq/liter 147 0.5 146 0.3 147 0.7 147 0.8 148 0.8 146 0.6
UNOV p.Eq/min 18 7.5 178 53.7 314 29.4 254 32.2 168 17.3 139 + 14.9
UNaV/GFR p.Eq/ml 0.4 0.1 3.5 1.0 5.7 0.4 4.6 0.4 3.1 0.2 2.8 0.3
Sprot g/dl 6.4 0.2 6.0 0.2 5.7 0.2 5.9 0.2 6.0 0.2 6.2 0.2
GFR mi/mm 10.1 1.6°
Remnant dogs—intravenous challenge (N = 8)
10.8 1.7° 12.1 2.0° 12.8 2.1° 12.7 2.1° 12.8 1.9°
Serum sodium mEq/liter 147 1.7 149 1.6 149 1.4 148 1.6 149 1.7 150 l.6h
UNaV Eq/mmn 51 8.3b 114 19.4 129 20.0° Ill 16.0 103 l4.4' 104 14.1
UNaV/GFR lJ.Eq/ml 5.5 0.8° 10.9 1.4° 11.7 2.2" 9.6 1.6 9.0 ÷ 1.5d 8.9 1.4°
Sprotg/dl 6.5 0.1 5.8 0.2 5.4 0.2 5.7 0.1 5.8 0.1 5.9 0.1
Abbreviations: Spr0t, serum protein; see Table I for other abbreviations.
a The animals orally received a solution of 2.5 g/dl dextrose in water (instead of half-normal saline) at 0.3 mI/miri as a carrier for the exogenous
creatinine.b < 0.05; P <0.01; d p < 0.005; P < 0.001 vs. matched normal dogs.
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Fig. 5. Mean percent changes in serum protein concentration in normal
(N = 23) and remnant (N = 29) dogs before and after challenge with
isotonic or hypertonic sodium. Baseline serum protein averaged 6.45
0.12 g/dl in normal (N) and 6.40 0.14 g/dl in remnant (R) dogs.
Whereas serum protein concentration decreased equivalently after the
sodium challenge by 10.1 0.97% and 9.54 0.90, recovery was faster
in normal than in remnant dogs. In period 4, the difference between
groups was significant (P < 0.05). In period 5, protein concentration
still was decreased significantly, by 3.3 1.2% in normals (P < 0.02)
anu .5 1.0% in remnants (P <0.001). The difference between normal
and remnant dogs then was highly significant (P < 0.005).
tered with food, net sodium excretion in 5 hr averaged only 18
4.4% in normal and 7.2 2.4% in remnant dogs. These
values are not significantly different.
Discussion
The understanding of volume homeostasis in chronic renal
insufficiency rests on the observations that (a) fasting extracel-
lular fluid (ECF) volume is normal [1—4]; (b) 24-hr balance for
sodium is maintained [1, 5—7]; and (c) remnant and control dogs
exhibit an equivalent natriuresis 5 hr after sodium is adminis-
tered [1, 7]. However, no study has defined the relative changes
in ECF volume that occur after sodium administration, and the
data on sodium excretion after sodium is administered are
conflicting [8, 9].
Our results confirm the ability of remnant dogs to maintain
24-hr sodium balance. This balance is achieved through an
increase in natriuresis per nephron. In the dogs undergoing
metabolic studies (Fig. 1), fractional sodium excretion aver-
aged, on a 24-hr basis, 0.13 and 2.36% in normal animals on 12
and 212 mEq sodium, respectively, but 0.61 and 10.8% in
remnant animals given the same diets. Thus, the functional
adaptations associated with chronic renal insufficiency were
present in the remnant animals.
In contrast, the immediate natriuretic response to oral or
intravenous sodium was different between normal and remnant
dogs and markedly blunted in the latter. This blunted response
to one half or one third of normal was independent of diet and
tonicity or route of the sodium challenge. Thus, within 5 hr of
the sodium challenge, the various groups of normal dogs
excreted 40 to 63% of the load, but the remnant animals
5.8 6.2 6.6 7.0
Serum protein, g/d/
Fig. 6. Correlation between serum protein concentration and UNV in
normal and remnant dogs. Triangles denote experiments in animals on
212 mEq sodium challenged with hypertonic sodium (Table 1). Circles
indicate groups challenged orally or intravenously with isotonic solu-
tion (Table 2). Each point is the average of control contemporaneous
and experimental values obtained in five to eight dogs.
eliminated only 12 to 22% (P < 0.001). Equally impressive
differences can be found in the literature between normal dogs
and dogs with chronic renal insufficiency given a sodium
challenge intravenously [8, 9]. The failure of Schultze, Shapiro,
and Bricker [1] and Schmidt, Bourgoignie, and Bricker [7] to
observe similar differences appears to result from the adminis-
tration of food with the sodium chloride challenge; their control
dogs excreted only 9% of the load and their remnants only 5% in
5 hr.
The natriuresis was associated with a significant and equiva-
lent decrease in serum protein concentration. Thus, an equiva-
lent relative expansion of the intravascular volume took place in
normal and remnant dogs. Because changes in serum protein
were independent of the tonicity of the sodium challenge, the
natriuretic response appears independent of changes in intersti-
tial or intracellular volumes. However, an identical change in
serum protein concentration was associated with a significantly
greater natriuresis in normal than in remnant dogs; indeed,
whereas a 0.5 g/dl decrease in serum protein was associated
with a 165 p.Eq/min increase in sodium excretion in normal
dogs, the same change in serum protein was associated with a
45 Eq/min increase in remnant animals (Fig. 6). Finally, the
changes in serum protein concentration lasted longer in rem-
nant than in normal animals (Fig. 5).
A blunted natriuresis might be expected if the ECF volume
was contracted in the remnant dogs before the sodium was
given to them. This was unlikely for several reasons: (a)
Although absolute ECF volume was not measured in the
present experiments, fasting ECF volume is normal in chronic
renal insufficiency [2—4], and inulin spaces and red cell volumes
have been found equal in remnant and normal dogs [I]; (b) the
balance studies show no evidence of a sodium-losing condition
in the remnant animals (Fig. 1); (c) after the sodium challenge,
the natriuresis was less in remnant dogs on a high sodium diet
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than in normal animals on a low sodium intake; (d) finally, if
fasting ECF volumes were different, they might have been
greater in remnants fed a 212-mEq sodium diet than in normal
dogs, as suggested by the low fasting serum protein concentra-
tion in the former (6.2 0.3 vs. 6.7 0.2 g/dl in normals);
nevertheless, the natriuresis was blunted in these remnant
animals.
In contrast, when normal and remnant dogs received the
sodium challenge with food, an equivalent, but small, natriure-
sis developed in all animals; and, the percent of the sodium load
excreted in 5 hr averaged less than 10% in remnant and only up
to 18% in normal dogs. These data also agree with previous
studies [1, 7]. In these experiments, there were no concurrent
changes in serum protein concentration or hematocrit values
and, thus, no apparent changes in intravascular volume.
We interpret these observations as follows: With ingestion of
food, sequestration occurs which retards sodium absorption
presumably as a result of delayed emptying of the stomach
[l2]2; over the 5 hr of observation little absorption of sodium
takes place, and no expansion of the ECF volume ensues, as
indicated by the constancy of circulating protein concentration
and hematocrit values.3 Thus, the volume control system is not
challenged and there is no need for a large natriuresis to develop
rapidly. In contrast, in the absence of food, intestinal absorp-
tion of sodium is rapid, and results in an intravascular volume
expansion that is reflected in a rapid hemodilution of circulating
proteins. In the normal dogs, a rapid and large natriuresis
ensues; consequently, the diluted serum proteins tend to return
toward baseline levels indicating recession of the expanded
intravascular volume. On the other hand, dogs with chronic
renal insufficiency undergoing equal hemodilution do not devel-
op a marked natriuresis. As a consequence, sodium retention is
prolonged and there is little tendency for circulating proteins to
return to their original level; rather, dilution of serum proteins
and intravascular volume expansion remain near maximal for 5
hr after the sodium challenge. Thus, 24-hr balance is restored in
remnant animals through a blunted and prolonged natriuresis
associated with a long lasting intravascular volume expansion.
It is interesting to consider the present results in the context
of the control system regulating volume homeostasis. Current
views recognize a signal, sensor(s), effector(s), and the end-
organ elements [6, 13, 14].
The signal (a change in intravascular or ECF volume reflect-
ed by a change in serum protein concentration) and the absolute
end-organ response have been discussed already. It should be
noted that the inability of the remnant dog to develop an
absolute natriuresis equal to that of the normal animal occurred
despite a "magnified" response by the residual nephrons of the
2Occasionally, we have observed dogs loosely supported in an
experimental sling to vomit intact the food administered to them 5 hr
earlier.
31n normal dogs given salt and food, peripheral hematocrit values also
remained constant between 41 1 and 39 2% throughout the 5 hr of
observation. By comparison, hematocrits in three normal dogs given
salt alone fell from a mean control value of 42 2% to 36 I in period
3. Similarly, in eight remnants given sodium chloride without food,
peripheral hematocrits decreased from 38 3 to a minimum value of 32
3%.
remnant kidney [15]. Indeed, (a) the change in UNaV/GFR
associated with the same signal was modestly enhanced in
remnant versus normal dogs; (b) the equivalent change in 5-hr
UNaV/GFR in normal and remnant animals (Fig. 4) also reflects
a magnified response in the residual nephrons because total
GFR in remnant kidneys represents the contribution of a
nephron population with a greater than normal mean single
nephron GFR [16—18].
Our experiments do not give information on the functional
status of intrathoracic sensors that detect changes in ECF
volume [19—21]. Their integrity in chronic uremia is suggested
by the ability of patients with chronic renal failure to develop a
natriuresis during water immersion to the neck [22]. In agree-
ment with recent reports in normal man, dog, and rabbit [23—
26], the equivalency of the natriuretic response after the oral
and the intravenous challenges provides no support in remnant
or in normal dogs for the existence of a putative splanchnic or
portal sensor monitoring natriuresis.
A defective effector element of sodium excretion also cannot
be identified to explain the blunted natriuresis of remnant dogs:
(a) Increases in GFR were equivalent or greater but the
natriuresis was smaller in dogs given food with sodium; (b) an
increase in the serum concentration of sodium has been associ-
ated with an increase in UNaV [27—29]; but, although the
hypernatremia was greater, the natriuresis was less in remnant
than in normal animals given hypertonic sodium chloride; (c)
the view of O'Connor [30, 31] that changes in serum protein
concentration are important in controlling sodium balance is
supported by the behavior of the isolated perfused kidney
preparation [32—34] and by the present experiments, but, the
same decrease in serum protein was associated with a much
smaller natriuresis in remnant than in normal dogs; (d) normal
fasting levels of aldosterone have been identified in remnant
dogs [10]; the blunted natriuresis, therefore, cannot be ascribed
to hyperaldosteronism, (e) nor to an absence of natriuretic
factor because increased circulating amounts of the factor have
been described in remnant dogs after an overnight fast [7]; (1)
finally, whereas the natriuretic factor has been shown to
decrease in remnant dogs fed a low sodium diet [7], the blunted
natriuresis persisted in our animals fed 12 mEq sodium daily.
This observation suggests that the limited response of the
remnant kidney is not related to increased occupancy of renal
binding sites by the natriuretic factor.
In conclusion, the entry of an equal amount of sodium into
the ECF results in a long lasting expansion of the intravascular
volume in dogs with chronic renal insufficiency necessitated by
the apparent inability of the remnant kidney to excrete a sodium
load rapidly. This limitation occurs despite a magnified re-
sponse of the residual nephrons and is present in animals with
only moderate chronic renal insufficiency. These observations
concur with the renal handling of other solutes (phosphorus,
potassium, hydrogen) in chronic renal insufficiency [10, 18, 35].
Note added in proof
A blunted natriuresis has been reported in normotensive patients with
a mean GFR of 43 mI/mm compared to normotensive subjects with a
mean GFR of 123 mI/mm. After 3000 ml of 0.6% saline administered in 2
hr, UNaV increased by 125 Eq/min in the former, but by 250 Eq/min
when GFR was normal. Fractional sodium excretion increased equiva-
lently in both groups (2.1 vs. 1.5%) [361.
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